when compared to 150 µmol m -2 s -1 ). But for higher lamp outputs (e.g. 1125 µmol m -2 s -1 ), thespectrum when applying higher light levelsis poorly absorbed by photosynthetic pigments, the 179 corresponding values of ∆F/F m ' (or rETR) will appear overestimated when plotted against the 180 measured PAR levels. As a result, rETRlight-response curves may show an inflexion in the 181 light-saturated region, showing an increase of rETR values when stabilizationor even a decrease 182 would be expected. 183
This problem was addressed by manipulating the spectrum of emitted light so that the 184 proportions of red, green and blue (RGB ratio) regions of the spectrum remained approximately 185 constant over the whole range of light intensities applied.This was achieved through an iterative 186 process of changing the MS Visual Basiccode controlling the RGB ratio of the images produced 187 by the projector, measuringthe emitted spectrum, and calculatingthe resulting proportions of 188 red, green and blue spectral regions. The RGB code allowed to independently controlthe 189 spectral ranges of 400-486 (blue), 487-589 (green-yellow) and 590-690 (red) nm.This procedure 190 was repeated until the same proportions of RGB were obtained in the emitted light for the 191 various PAR levels that were used for generating light-response curves.An average proportion 192 R:G:B of 0.7:2.2:1was used (Fig. 2C) , which,by having a higher proportion of yellow-green 193 light ensured the emission of high maximum PAR levels (1125 µmol m -2 s -1 at the sample 194 level). 195
Actinic light flickering 197
The projector light showed noticeable flickering, causing obvious fluctuations in the 198 fluorescence trace (Fig. 3) . Light flickering caused interferences at 1.8 s intervals, more 199 pronounced under higher actinic light levels, when it significantly affected the correct 200 determination of both F s and F m ' levels.Using the data of (Fig.4A,B) showed some degree of heterogeneity, with 214 higher absolute pixel values in the central region of the leaf, and lower values in the extremities.saturating pulses. However, this didnot affect significantly the determination of the ratio 217 ∆F/F m ', which remainedrelatively constant throughout the whole leaf (varying between 0.79 218 and 0.83; Fig. 4C ). In the case of F. benjamina, although the smaller leaf size helped reduce the 219 effects of light field heterogeneity,spatial variability was still noticeable due to certain leaf 220 anatomical features (e.g. central vein). Again, while this was evident for F s and F m ' images, the 221 effect mostly disappeared when the ratio ∆F/F m ' was calculated (Fig. 4F) . 222
The application of the actinic light maskon intact leaves resulted in well-defined areasof 223 constant over the range of PAR levels applied (Fig. 4A) , for the LL-acclimated F. benjamina, a 229 large variation in F s was observed (Fig. 4D ). Also regarding F m ', it was clear that in H. helixthe 230 exposure to high light caused a larger decrease than in F. benjanima. As a consequence, clear 231 differences were also observed regarding ∆F/F m ' values, which reached lower values in the LL-232 acclimated plant.It may be noted that there was a high similarity between replicated AAL and 233 that, as in the case of F. benjamina, heterogeneities in F s and F m ' had little effect on ∆F/F m ' 234 ( Fig. 4D-F) . 235
These fluorescence images are also useful to illustrate the variability regarding light 236 scattering within the leaf and its impact on the applicability of the method to intact leaves. H. 237 helix leaves showed very low spillover between adjacent AAL, as deduced from the similarity 238 between the pixel values of the areas between AALs and of the background (parts of the leaf 239 distant from AALs; Fig. 4B,C) . Notably, larger spillover effectswere observed in the lower 240 (abaxial)surface of the H. helix leaves (data not shown). In contrast with H. helix, leaves of F. 241 benjamina showed a much larger light spillover around AALs. Both for F s and F m ', the areas 242 around AALs showed pixel values clearlydifferent from the background values (Fig. 4D, E) . 243
However, this didnot seem to affect significantly the determination of F s , F m ' or ∆F/F m ' in each 244 determined for the various actinic light levels. These values were used to calculate indices 249 ∆F/F m ', rETR and NPQ that, when plotted against incident actinic light, resulted in light-250 response curves (Fig. 5) . These 'Single Pulse Light Curves' (SPLC),despite requiring just a few 251 minutes of light mask exposure and a single saturating pulse, nevertheless allowed to 252 characterize in detail the light response of the tested samples. Strong indications of the quality 253 of these light curves were the low variability between replicates (measurements on AALs of 254 identical PAR level, corresponding to a same row of the light mask), and the very good fit 255 obtained with well-establishedmathematical models for describing rETR and NPQ vsE curves. 256
The light-response patterns were consistent with the ones expected for LL-and HL-acclimation 257 states. Departing from similar F v /F m values, ∆F/F m ' decreased more steeplywith increasing 258 irradiance in LL-acclimated F. benjamina than in HL-acclimated H. helix (Fig. 5B, E ). This 259 resulted in distinct rETRvsE curves,with H. helix showing higher values for initial slope (α) 260 and, mainly, maximum rETR (rETR m , ca. 5 times higher than for F. benjamina). Also typical of 261 the difference between LL-and HL-acclimated samples, the photoacclimation indexE k was 262 much higher (more than double) in H. helixthan in F. benjamina, in accordance with the fact 263 that the former showed little signs of saturation even at 1125 µmol m -2 s -1 , while the 264 lattersaturated at comparatively lowerPAR values (Fig. 5E) .Also in the case of NPQ vsE curves, 265 the results were in agreement with expected LL-and HL-acclimation patterns, with H. helix 266 reaching higher maximum NPQ values (NPQ m ), requiring higher light levels for full 267 development (E 50 ) and higher sigmoidicity (n). 268
269

Dynamic light response 270
A further application of the method concerns the study of the temporal variation of the light 271 response. Figure 6 shows an example of the variation over time of ∆F/F m ' rETR and NPQfor H. 272 helix and F. benjaminaduring lightinduction underdifferent PAR levels. Confirming the very 273 different light-response patterns observed before, this approach made it possible to additionally 274 compare the temporal variation of the response of each fluorescence index. For the HL-275 acclimated H. helix, ∆F/F m ' and rETR stabilized quite rapidly, reaching a steady state within 4-276 6 min upon light exposure (Fig. 6A,C) . The patterns of variation were essentially the same for 277 the different light levels, although stabilization was faster for the samples exposed to lower 278 PAR. For NPQ, steady state was reached only after 8-10 min, the induction pattern varying with 279 the light level applied (Fig. 6E ).In the case of LL-acclimated F. benjamina, all indices took a 280 longer time to reach a steady state (Fig. 6 B,D,F) . This was especially true for NPQ, which still 281 increased for most of the PAR levels after 14 min of light exposure. 282
This approach isalso particularly useful to follow the changes in the light-response curve 283 and to determine the time necessary for reaching of a steady-state. This can be achieved byfollowing the variation over time of the model parameters used to describe the light-response 285 curves. Using the dataset partially shown on Fig. 6, Fig. 7 shows the variation during light 286 induction of the parameters of rETR and NPQ vsEcurves. Regarding the rETRvsE curves, α was 287 the parameter that showed a smaller variation over time, increasing modestly until reaching 288 stable values after 6 and 10 min for H. helix and F. benjamina, respectively (Fig. 7A) . In 289 contrast, rETR m and E k showed much largerfluctuations, particularly for H. helix, requiring 290 more than 8-10 min for reaching relatively stable values (Fig. 7B, C) .For the parameters of 291 NPQvsE curves, similar time periods of 6-10 min were necessary for reaching steady state 292 conditions (Fig. 7 D-F) .However, despite the different induction patterns observed for HL-and 293 LL-acclimated samples, most of the differences observed at steady state were already present at 294 the first measurements(2-4 min). This indicates that even a short 2-4 min period of light mask 295 exposure may be sufficient to characterize LCs and detect differences between different light 296 acclimation states. This is exemplified with the response of NPQ of LL-acclimated F. benjaminaduring light 308 induction and subsequent dark relaxation (Fig. 8) .A large and detailed dataset was obtained 309 from a single leaf on the NPQ induction under various PAR levels (Fig. 8A, B) and on its 310 relaxation in the dark (Fig. 8C, D) . Figure 8 also highlights the two types of information that 311 can be extracted from the same dataset: light-response curves (Fig. 8A,C) and 312 induction/relaxation kinetics (Fig. 8B,D) . By applying the rationale used for the calculation of 313 NPQ components, such a dataset can be used to generate light-response curves of coefficients 314 
Method assumptions 328
The purpose of this study was to demonstrate the proof of principle of the method, starting 329 by identifying and testing the conditions required for its general application. The successful 330 generation of non-sequential LCs using the combination of spatially separated actinic light 331 beams and imaging chlorophyll fluorescence implied the verification of two types of 332 assumptions:(i) assumptions associated to the projection of an actinic light mask and the 333 detection of the induced fluorescence response, and (ii) assumptions related to the use of a 334 digital projector as a source of actinic light for this purpose. These conditions were tested and 335
shown to be verified. 336
Regarding the projection of the actinic light mask, a very basic assumption of the method 337 was that the samples exposed to different actinic light levels must have essentially the same 338 inherent physiological light response, so that the fluorescence measured in different AALs may 339 be attributed to the different PAR irradiances applied. In a way, this approach is opposed to the 340 traditional use of chlorophyll fluorescence imaging systems: instead of applying a homogeneous 341 actinic light field to study heterogeneous samples, here aheterogeneous actinic light field is 342 applied to study supposedly homogeneous samples. The verification of this condition is mostly 343 dependent of the physiological heterogeneity on the samples. In some cases, as for suspensions 344 of microalgae or chloroplasts, samples can be prepared so that a uniform response can be 345 assured. However, in the case of leaves, it must be previously confirmed that the area to be used 346 for the measurements is homogeneous regarding its photophysiologicalresponses.The here 347 presented results showed that the method can be successfully applied to whole leaves, through 348 careful selection of uniform areas, in order to minimize the potentially confounding effects of 349 within-leaf spatial inhomogeneity. 350
Another key assumption of the method is the independence of the measurements. This 351 condition can be easily ensured by using optically separated samples, using cell or chloroplast only the spectral ranges corresponding to the RGB coding can be manipulated, this approach 376 was shownto suffice to solve the effects of the changes in lamp output spectrum. Nevertheless, 377 the need for this corrective procedure will depend on the magnitude of the induced effects, in 378 turn dependent on the particular experimental and equipment conditionssuch as projector and 379 lamp type, and PAR levels to be used. 380
The elimination of effects of light flickering is important because light flickering was 381
shown to cause substantial interferences in the fluorescence record, particularly for high actinic 382 light levels, under which the difference between F s and F m ' is smaller and the error associated to 383 the determination of ∆F/F m ' is higher. While affected fluorescence values may be easily 384 identified and eliminated from the calculation of F s and F m ', this requires the possibility to 385 access the raw fluorescence data, which may not be feasible with some PAM fluorometer 386 models or software. 387 388
Light mask design 389
A crucial piece of the proposed experimental approach is the actinic light mask used to 390 project spatially separated areas of actinic light. The light mask used in this study resulted from 391 a large number of preliminary tests on several aspects such as mask shape and dimension, as 392 well as number, size and disposition of the AALs. Its development followed some principles of 393 general applicability in designing light masks for similar studies:
implying short distances between adjacent AALs, may increase light spillover and compromise 400 the independency of the measurements. 401
ii) Number of AALs. A large number of AALs allows for a large number of light levels, 402 which is useful for a good characterization of the light resposne, and for replication, reducing 403 variability and increasing precision of parameter estimation. However, the number of AALs 404 possible to accommodate will be limited by total mask size and by the spillover between 405 adjacent AALs. In the present study, it was possible to accommodate 30 AALs, which resulted 406 in a satisfactorily number of data points along the light curve and a good level of replication. By 407 effectively impeding light spillover (e.g. using opaque multi well plates), this number could be 408 significantly increased without increasing light mask size. 409
iii) AAL distribution pattern. In principle, AALs should be randomly distributed 410 throughout the light mask. This would minimize any systematic effects due to the AAL position 411 within the possibly inhomogeneous measuring light and saturating pulses fields. However, when 412 spillover effects cannot be completely avoided as in the case of whole leaves, better results were 413 found by arranging the AAL along a gradientof light intensity because in a randomized layout 414 there is a high chance of having adjacent AAL of very different light intensities, resulting in 415 substantial spillover and loss of measurement independency. When AALs are distributed along 416 a light intensity gradient, the light intensity of adjacent AALs will be more similar,thus reducing 417 the relative impact on each other.Besides preventing optical spillover, this design will also 418 minimize the potential exchange of light-induced metabolites between adjacent AALs, which 419 could contribute to some degree of non-independency between measurements, especially during 420 long light exposures, as for the study of dynamic light responses (see below). Although this 421 source of measurement dependencycannot be completely excluded for optically continuous 422 samples, its actual interference on the resulting light-response curve can be minimized by 423 decreasing the difference in light levels between AALs next to each other. 424 iv) AAL size. Large AALs should be used because more pixels will be considered for the 425 estimation of fluorescence parameters, therefore reducingmeasuring errors. This can be of value 426 in the case of samples showing a high physiological heterogeneity. Large AAL are also 427 preferable because the actual area used for calculation of fluorescence parameters (AOI) must 428 be smaller than the maximum diameter of AAL, to avoid the border effects. The light mask used 429 in this study had AALsof the same size and shape, disposed in linear arrays. However, maskswithin the time required for a single measurement; (iv) define and control with unprecedented 441 flexibility and ease of use the actinic light levels to be applied. 442
The considerable reduction of the total time required for the generation of a LC is one of 443 the major advantages of this approach. As all light levels and replicates are measured 444 simultaneously, the total duration of the LC will be essentially determined by the time defined 445 Despite the considerable advantages the here described method offers, there are a number 491 of potential limitations that must be considered. Although the results here presented are specific 492
to the particular projector model used, these general limitations are likely applicable to any 493 other models that share the same technology. 494
One limitation regards the range of actinic light levels possible to apply. On one hand, it 495
was not possible to obtain complete darkness, the minimum light intensity in the 'dark' AALs 496 being 5 µmol m -2 s -1 . This was due both to the limitationsof the projector's output contrast and 497 to the unavoidable light scattering originating from the illuminated areas. While this makes it 498 impossible to measure parameters that require dark adaptation, like F o and F m , with the 499 projector turned on, it does not affect significantly the construction of LCs, as 5 µmol m -2 s -1 can 500 be considered sufficiently low for most applications. For the special case of NPQ vsE curves, 501 which require the measurement of F m (in the dark), the best alternative is to cover the projector's 502 lens, and determine F m before the LC is started. 503
On the other hand, the maximum light intensity reached at the samples level may also 504 represent a limitation for the construction of LCs. In the case of the setup used in this study, the 
518
(Imaging-PAM, 2009). This low sensitivity is expected to be overcome by using samples with a 519 high chlorophyll a content, but may limit the use of dilute microalgae or chloroplast 520
suspensions. 521 522
Further applications 523
This study aimed to show the main and most immediate applications of the method. Its use 524 was illustrated on intact plant leaves, but it is potentially applicable to many other types of 525 photosynthetic samples, ranging from large plant leaves, lichens,flat corals, macroalgae or algal 526 biofilms (microphytobenthos, periphyton) to phytoplankton or suspensions of microalgae, 527 chloroplasts or thylakoid suspensions, the main limitation being the chlorophyll a concentration. 528
The use of optically separated samples, as in multi-well plates, is advantageous because it 529 eliminates light spillover effects and ensures the independence of the measurements. 530
The results shown here were obtained using light masks with AALs that only differed 531 regarding light intensity. However, the digital control of actinic light opens other possibilities. 532
One is to manipulate the duration of light exposure so that in the same experiment, replicated 533 samples are exposed to different light doses, given by different combinations of light intensity 534 and exposure duration. Also colormay in principle be digitally manipulated and light masks 535 made to incorporate AALs of different spectral composition. This would enable the possibility 536 to compare the spectral responses of fluorescence indices. 537
A major result of this study is the introduction of digitally controlled illumination as source 538 of actinic light for photophysiological studies involving PAM fluorometry. It provides 539 unprecedented flexibility in the control of the various aspects of projected actinic light field. As 540 this study showed, commercially-available models of digital projectors, used in combination 541 with commonly-available software, may provide a readily accessible and inexpensive way ofapplying actinic light mask and generating SPLCs. However, such models were not built for this 543 purpose and their correct use requires some adaptations, namely regarding image flickering and 544 changes in light spectrum. We hope that this study may serve as guidelines for overcoming the 545 limitations of currently available projectors, and to stimulate the development of dedicated 546 equipment. 547
MATERIAL AND METHODS 550 551
Experimental Setup 552
The setup was comprisedof a combination of aPulse Amplitude Modulation (PAM) 553 imaging chlorophyll fluorometerand a digital projector, used as actinic lightsource (Fig.1) 
Digital projector 576
All presented results were obtained using a LCD digital projector (EMP-1715, Epson, 577 Japan), comprising a mercury arc lampproviding a light output of 2700 lumens. Afocusing lens 578 was used to focus the projected images in the fluorometer's sampling area. The projected light 579 field covered a rectangular area of ca. 14 x 10 cm.Projector settings were set to provide the 580 widest range of light intensities at the sample level. With the above described setup 581 configuration, PAR levels in the sampling area ranged between 5 and 1125µmol m -2 s -1 .Actinic 582 PAR irradiance at the sample level was measured using a PAR microsensor (US-SQS/W, Walz; 583
The digital projector was used to project anactinic light mask on the sampling area, 588 consisting of a set of spatially separated actinic light areas (AAL), covering the range of PAR 589 levels necessary to induce the fluorescence responses to be used to generate a light curve. The 590 actinic light mask used in this study consisted of 30 circular AALarranged in a 3 x 10 matrix, in 591 which each array of 10 AAL corresponded to 10 different PAR values (5-1125µmol m -2 s -1 ), 592 arranged increasingly so that the highest values were closer to the projector (Fig. 1) . Each AAL 593 consisted of a circular homogeneous light field of 4 mm in diameter. Adjacent AALs of the 594 same array were separated by 1.0 mm. Three 10-AAL arrays were projected in parallel (1.5 mm 595 apart) so that approximately the same light levelswere applied on the three arrays. However, due 596 to some unavoidable degree of heterogeneity in the projected light field, a small variation (on 597 average < 2.5%) was presented among replicated AALs. 598
The light mask was designed in MS PowerPoint, using a code written in MS Visual Basic 599 to define the number, position, size and shape (slightly oval to compensate for the inclination of 600 the projector) of each AAL, as well as the light intensity and spectrum (through controlling the 601 RGB code, see below). This code was used to automatically control the PAR level of each 602 AAL, based on a relationship established between RGB settings and the PAR measured at the 603 sample level. 604
The chlorophyll fluorescence emitted at each AAL was measured by defining Areas of 605 Interest (AOI) using the FluorCam7 software. The AOIs were centered on the AALs but had a 606 smaller diameter (ca. 3 mm) to minimize border effects that could otherwise introduce 607 significant errors. On average each AOI consisted of 32pixels. 608
Actinic light spectrum 610
The spectrum of the light emitted by the digital projector was measured over a 350-1000 611 nm bandwidth with a spectral resolution of 0.38 nm, using a USB2000 spectrometer (USB2000-612 exposure. Light-response curves were generated by applying a single saturating pulse after a 643 defined period of light exposure (e.g. 6 min), following a 20 min dark-adaptation period. 644
VIS-NIR
645
Dynamic light response 646
The potentialities of the method were further tested by characterizing the dynamic light 647 response, i.e. the variation of the fluorescence light response over time. After a 20 min dark 648 adaptation, samples were exposed to the light mask and saturating pulses were applied every 2 649 min. This rationale was also applied to light stress-recovery experiments, during which samples 650 were subsequentlyexposed to darkness, to allow the characterization of the recovery after 651 exposure to the various actinic light intensities.Data was used to calculate light-response curves 652 and light kinetics (light induction and dark relaxation) of NPQ, as well as the quenching 653 coefficients partitioning NPQ into constitutive, photoprotective, photoinhibitory components, 654
following Guadagno et al. (2010) .
Plant material 677
The applicability of the method was illustrated on intact plant leaves. To compare the 678 
